Abstract We assessed the ex vivo reactivity of peptidic constructs of Tet1 (analog of tetanus toxin non-virulent C fragment) with sequence homology to the cysteine-active site of thioredoxin (Tet1THO) or tetralysine (Tet1PLYS) with oxidative species or axonopathic sodium cyanate (NaOCN), respectively. We then assessed their neuronal uptake in vivo in laboratory animals. The reactivity of Tet1PLYS with NaOCN (1:2.5 to 1:37.5 molar ratios) or Tet1THO with hydrogen peroxide (1:0.4 to 1:6.2 molar ratios) was assessed by mass spectrometry. Green fluorescence protein (GFP)-tagged Tet1-derivatives (3-mg/ml in artificial cerebrospinal fluid) were administered daily to rats by intramuscular injection in latissimus dorsi at lumborum at the dose of 1 μl/g of body weight, for 3 days. Motor neuron uptake was assessed after double immunolabeling for GFP and choline acetyltransferase. Mass spectrometry analysis successfully demonstrated the ex vivo reactivity of Tet1-derivatives in a concentration-dependent manner. Confocal microscopy revealed the localization of Tet1-derivatives in axons and motor neuron cell bodies. Intramuscular delivery of Tet1-derivatives appears to be a practical approach to circumvent the blood nerve barrier and selectively deliver small molecules to the nervous system, for diagnostic and/or treatment purposes.
Introduction
Treatment of neurological diseases has been ineffective for several reasons, including a poor understanding of the pathogenic mechanisms underlying neurodegenerative processes and limited options for effective delivery of drugs to the nervous system. A novel approach for the delivery of therapeutics to the central nervous system via retrograde axonal transport has been proposed but still needs to be tested. This approach exploits the physicochemical properties of the Tet1-peptide (sequence HLNILSTLWKYR), a tetanus toxinderived peptide with no neurotoxic properties that is retrogradely transported and selectively translocated into neuronal networks (Federici et al. 2007 ). Our laboratory focuses on the role of protein post-translational modifications (PTM) by chemical adduction or oxidation in neurodegeneration. We first established a proof-of-principle for structure-activity relationships by showing that a protein-reactant γ-diketo group on the side chain of hydrocarbons was sufficient for the compounds to acquire neurotoxic properties and induce proximal giant axonopathy, a pathological hallmark of amyotrophic lateral sclerosis (Tshala-Katumbay et al. 2006) . We also confirmed that cyanate, a protein carbamoylating agent, induces neuropathy through mechanisms possibly linked to protein loss of function due to carbamoylation and/or oxidative damage of proteins (Kassa et al. 2011) . In this study, we sought to assess the diagnostic and therapeutic potential of peptidic derivatives of Tet1 in neurological diseases. Tet1 constructs were made by conjugating Tet1 to tetrapeptides with a sequence homology to the cysteine-active site of thioredoxin (Tet1THO) or tetralysine (Tet1PLYS; New England Peptide, Gardner, MA, USA). The constructs were then assessed for their ex vivo reactivity with either hydrogen peroxide or sodium cyanate (NaOCN) for Tet1THO or Tet1PLYS, respectively, in addition to their ability to translocate into axons and motor neurons.
Materials and Methods
Unmodified peptides (Tet1: H2N-HLNILSTLWKYR-amide; Tet1PLYS: Tet1KKKK-amide; and Tet1THO: Tet1CGHC-amide) were synthesized, conjugated to green fluorescence protein (GFP), and purified by New England Peptide (Gardner, MA). For ex vivo proteomics, 0.4 mM Tet1PLYS was incubated in 20 mM K 2 PO 4 , pH 7.0, 150 mM KCl, at 37°C for 24 h in the presence of 0, 1, 5, 10, and 15 mM NaOCN to generate carbamoylated peptides. The reaction was stopped with addition of formic acid to a final concentration of 0.1 %, peptides desalted using C18 spin columns (Product # 89870, Thermo Scientific), and Tet1PLYS peptide diluted to 10 μM concentration of aqueous 20 % acetonitrile, 0.1 % formic acid. To oxidize Tet1THO, 0.8 mM fluorescein-labeled Tet1THO was incubated for 2 h at 37°C in 50 mM ammonium bicarbonate (pH 8) with 0, 0.156, 0.312, 0.625, and 1.25 mM H 2 O 2 . Samples were then diluted to 10 μM final concentration of Tet1THO peptide by dilution in aqueous 20 % acetonitrile, 0.1 % formic acid. Masses of carbamoylated Tet1PLYS and oxidized Tet1THO were then determined by direct infusion into an LTQ linear ion trap mass spectrometer (Thermo Scientific). Electrospray ionization data were collected in profile mode and averaged spectra deconvoluted using ProMass software (Thermo Scientific).
For in vivo studies, young adult male heterozygous rats (Crl: NIH-Fox1 rnu/Fox 1+, 6-8 weeks old) were injected IM in paravertebral lumbar muscles (latissimus dorsi at lumborum) with Tet1-derivatives (2 mM solution of Tet1 in artificial cerebrospinal fluid containing 2 % acetone) at the dose of 1 μl/g of body weight (n=3/each Tet1-derivative), once per day, on alternate sides, for 3 days. On day 4, animals were deeply anesthetized with 4 % isofluorane and systemically perfused with 0.1 M phosphate buffer, pH 7.4 (PB) followed by 4 % paraformaldehyde in PB. The spinal cord was dissected out and put in 20 % sucrose in PB overnight for cryoprotection. The lumbar segment of the spinal cord was cut under a dissecting stereomicroscope, embedded in optimal cutting temperature compound, and frozen on dry ice. Fortymicrometer-thick transverse sections were cut at the cryostat and every 11th section collected free-floating in PB.
To determine if Tet1-derivatives target lower motor neurons, one series of sections from all rats was processed for double immunofluorescence with anti-GFP and anticholine acetyltransferase (ChAT) antibodies. Sections were preincubated in 3 % bovine serum albumin (BSA) and 0.2 % Triton X-100 in PB for 2 h and then incubated in rabbit polyclonal anti-GFP antibodies (Invitrogen, Carlsbad, CA, USA; diluted 1:500) and goat polyclonal anti-ChAT antibodies (Millipore, Billerica, MA, USA; 1:80) in 3 % BSA and 0.2 % Triton X-100 in PB overnight. After repeated washes in PB, the sections were incubated with Cy TM2 -conjugated donkey anti-rabbit or Cy TM3 -conjugated mouse anti-goat (Jackson ImmunoResearch Laboratories, West Grove, PA, USA; diluted 1:100), respectively, in 1 % BSA and 0.2 % Triton X-100 in PB for 2 h. Control sections were processed as above, omitting the primary antibodies as well as incubating at the same dilution of the primary antibodies with respective normal host sera. No immunoreactivity was seen in these materials. After repeated washes, sections were mounted on slides, air dried, and coverslipped with an anti-fading mounting medium (Dako, Glostrup, Denmark). Immunofluorescence was examined by fluorescence microscopy and images acquired with a Zeiss LSM 710 laser scanning confocal microscope, using the 488-nm and 533-nm excitation beams. Experimental protocols were approved by the OHSU Institutional Animal Care and Use Committee. 
Results and Discussion
Mass spectrometry was used to characterize the ex vivo reactivity of Tet1PLYS or Tet1THO with NaOCN or hydrogen peroxide, respectively. Unmodified TET1PLYS had a mass of 2,413.6 (Fig. 1A) and increased in mass by increments of 43 following 24-h incubation in 10 mM cyanate (Fig. 1B) , consistent with carbamoylation at its four additional lysine residues. Unmodified Tet1THO had a mass of 2,299.0 (Fig. 1C) that increased in mass to 4,598.8 following incubation in 312 μM H 2 O 2 , consistent with disulfide formation between two Tet1THO molecules (Fig. 1D) . Animals showed no signs of toxicity. Microscopic examination of lumbar spinal cord sections from all Tet1-injected rats revealed immunoreactivity for this peptide in the gray and white matter. In particular, immunoreactive neuronal cell bodies were detected in the ventral horn (Fig. 2) , while an occasional and sparse immunosignal was observed in the dorsal horn. Confocal microscopy confirmed that most Tet1-positive neurons were motor neurons (Fig. 3) .
Our findings indicate that intramuscular delivery of Tet1-derivatives appears to be a practical approach in target delivery of small molecules to the nervous system. We also suggest that short-sequence peptides with chemical affinity for neurotoxic species may be tested for neuroprotective properties or diagnostic value in animal models of neurodegeneration. While Tet1PLYS may act as a scavenger for cyanate, Tet1THO or derivatives may possibly be tested to modulate cellular thiol redox states. Further studies, however, will need to be conducted in vivo to characterize Tet1 modifications and rule out immunogenic adverse effects. If successfully developed, the proposed approach will help circumvent the blood nerve barrier and deliver drug candidates to the nervous system for the diagnosis and/or inhibition of PTMs associated with neurological diseases. This would be achieved by means of bioactive molecules conjugated to synthetic analogs of the tetanus toxin non-virulent C fragment, which would serve as a vector (Federici et al. 2007 ). Other forms of administration of drugs to enhance their bioavailability may include Tet1 nanoscaled carriers and/or nasal spray preparations for emergency needs (Bhaskar et al. 2010; Zhang et al. 2012) .
